Objective GH-deficient adults have changes in body composition, bone mineral density (BMD) and lipid profile that can be altered by GH substitution. However, long-term data on GH substitution (up to 10 years of follow-up) are limited. Design The effects of 10 years of GH replacement therapy on BMD, body composition, bone parameters, serum lipids and glucose metabolism were studied. Patients Twenty-three childhood-onset GH-deficient men (mean age at baseline 28·6 years) were studied during 10 years of GH substitution therapy. A group of 19 age-matched healthy men served as a control group for BMD measurements at baseline and after 10 years. Results BMD of the lumbar spine increased during the 10 years of GH therapy. Bone markers and BMD in the hip increased during the first 5 years of GH therapy, but were not different from baseline after 10 years. BMD changes over time in the lumbar spine and femoral neck were significantly different in the patients compared to the controls. After 10 years the difference between the groups had decreased, but BMD was still higher in the controls than in the patients. Lipid profile had improved after 10 years of GH therapy, but body mass index (BMI), waist-hip ratio (WHR), fasting glucose and glycosylated haemoglobin (HbA1c) had increased compared to baseline. Conclusions This long-term follow-up study found that 10 years of GH substitution in GH-deficient men causes sustained improvements in BMD in the lumbar spine and lipid profile but not in body composition.
Introduction
The major role of GH during childhood is to promote longitudinal bone growth and linear growth, but GH continues to have important metabolic actions throughout life. 1 Besides growth, GH is known to affect body composition, bone mineralization, and lipid and glucose metabolism. In adults, the condition of GH deficiency (GHD) has been accepted as a well-defined clinical syndrome. 2 The most apparent symptoms include altered body composition (increased fat mass, decreased lean body mass, decreased muscle mass), decreased bone mineral density (BMD), altered lipid profile, reduced sense of psychological well-being, and impaired cognitive functioning. 3 Replacement with recombinant human GH (rhGH) for several years has been shown to ameliorate these impairments. [4] [5] [6] The mechanism of decreased BMD in GH-deficient patients is probably related to reduced bone formation. 7 Reduced BMD has been reported in patients with childhood-onset GHD (CO-GHD) 8 and adulthood-onset GHD (AO-GHD), 9 both in isolated GHD (IGHD) and in multiple pituitary hormone deficiency (MPHD). 10, 11 A meta-analysis of the short-term effect of GH replacement on BMD demonstrated a small effect of GH replacement on BMD in the lumbar spine. 12 The BMD in the lumbar spine increased by 0·01 g /cm 2 after 12 months of GH treatment, 0·02 g /cm 2 after 18 months, and 0·03 g/cm 2 after 24 months. Several studies have shown that bone mass and lean body mass continue to increase after epiphyseal fusion. 7, 13 In a recent meta-analysis of the short-term effects of GH treatment on cardiovascular risk factors, it was shown that GH substitution with a maximum duration of 18 months resulted in reduced low density lipoprotein (LDL)-cholesterol, total cholesterol, fat mass, and diastolic blood pressure. Lean body mass, fasting plasma glucose, and increased insulin increased significantly. 14 Long-term experience of the effects of GH substitution in GHdeficient adults is limited. To date, only one study of GH replacement in adults with GHD over a period up to 10 years has been published. 15 In this study, GH treatment for 10 years in GH-deficient adults resulted in an increase of lean body mass and muscle mass, a less atherogenic lipid profile, reduced carotid intima media thickness, and improved psychological well-being. However, BMD after 10 years follow-up was not measured and only 10 GH-deficient adults were followed in the study.
In an earlier study from our institution, the effect of GH on body composition, BMD and cardiac function was measured after 5 years of treatment of men with CO-GHD. 16 The present study evaluates the effects of 10 years of GH replacement therapy on body composition, BMD, bone markers, lipid profile and glucose metabolism in a group consisting of 23 adult men with CO-GHD. Results for the BMD in patients after 10 years of GH substitution were compared to longitudinal BMD changes in age-and sex-matched healthy men to control for natural changes in BMD associated with ageing.
Subjects and methods

Study design
This study started as a 6-month double-blind, placebo-controlled trial followed by an open extension period of GH therapy for 5 years. 10, 16 For the placebo group, the starting point of the GH substitution was at 6 months. GH substitution continued for at least 10 years and study observations were made at baseline, regularly during the first 5 years, and for the present study after 10 years of GH replacement therapy. All patients were seen regularly in the outpatient clinic during the 10 years of follow-up to check for adequate hormone substitution. The study is restricted to data from those subjects who completed the entire 10-year period of continuous GH treatment.
Subjects
Fifty adult men with CO-GHD were included at the start of the study as described previously. 17 This patient group was chosen to study a homogeneous group and to prevent bias by sex-related differences, by associated medical disorders or medication. All these patients had received GH replacement for several years during childhood and were retested for GHD before inclusion. Inclusion criteria for the study were: (1) discontinuation of previous GH treatment for short stature for at least 1 year; (2) a serum IGF-I concentration of at least 2 SD below the age-related normal mean and a maximal GH response to 100 µ g/kg GHRH or insulin-induced hypoglycaemia (using an insulin tolerance test, ITT) of less than 7 µ g/l; and (3) stable conventional hormone replacement for patients with MPHD. Twelve patients were excluded from the study during the first years, as described previously, 16 and 38 patients were studied for a followup period of 39-69 months. Of these 38 patients, 13 discontinued their GH therapy between 5 and 10 years follow-up for different reasons (10 withdrew due to lack of motivation and noncompliance, two patients discontinued due to adverse events (one patient developed hypertension and the other complained of sleeping difficulties) and one patient discontinued because of anxiety of needles. Only the patients still treated with GH ( n = 25) were asked to participate in the present long-term, follow-up study. One patient moved abroad and one patient refused to participate. The remaining 23 patients were included in this 10-year follow-up study (17 patients with MPHD and six patients with IGHD). Three patients were treated for craniopharyngioma during childhood, 11 patients were diagnosed with empty sella syndrome, and nine patients had idiopathic GHD. The patients with MPHD received stable hormone replacement:
thyroid hormone ( n = 16, mean dose 124·2 ± 23·5 µ g/day), cortisoneacetate ( n = 14, mean dose 25·2 ± 5·9 mg /day), testosterone substitution ( n = 12), human gonadotrophins ( n = 3) and antidiuretic hormone ( n = 2). The first 6 months of the study were placebo-controlled (placebo or a GH dose of 1, 2 or 3 U/m 2 per day), thereafter the GH dose was fixed at 2 U/m 2 . 17 After 2 years the GH dose was titrated based on serum IGF-I levels in the normal range (for age and sex). Fifty-six, healthy, age-matched men served as a control group for BMD assessments at the start of the study 10 and were asked to participate again 10 years later. Twenty-five subjects of the control group at the start of the study were tracked down after 10 years. Nineteen volunteers were included in the present study, three control subjects refused to participate, and three control subjects could not participate for logistic reasons. Written informed consent was obtained at the start of the study and again before the 10-year follow-up test procedure started. The study was approved by the Medical Ethical Committee of the VU University Medical Centre and conducted according to the principles of the Helsinki Declaration.
Study parameters
BMD measurements
BMD (lumbar spine, femoral neck, trochanter) was measured by dual-energy X-ray absorptiometry (DEXA). In the GH-deficient patients and control subjects DEXA scans of the lumbar spine (L2 -L4) and the nondominant hip (femoral neck, trochanter) were obtained by standard procedures supplied by the manufacturer. BMD was calculated by the software program and presented as the areal density expressed in grams per cm 2 . During the first 5 years of the study the Norland XR-26 was used as described previously. 16 The long-term precision of the device (coefficient of variation of repeated measurements after 4 months, assessed in a group of normal subjects and in osteoporotic subjects) was 2·1% for the femoral neck and 2·4% for the femoral trochanter. 18 BMD measurements after 10 years of GH substitution were carried out using the Hologic QDR-4500 instrument, which had replaced the Norland XR-26 device. To control for possible differences within and between the two devices, BMD measurements on the European Spine Phantom (ESP) were performed on both devices. The mean BMD of the ESP phantom measured on the Norland XR-26 was 0·94 ± 0·004 g /cm 2 and on the Hologic-4500
. We also analysed the changes in BMD after 10 years in the GH-deficient group and in the control group to control for differences in both instruments and for time effects with normal ageing.
Body composition
In the patients with GHD, body composition was assessed by anthropometric measurements (body mass index (weight /height 2 ), waist, hip, upper arm and leg circumference and triceps skinfold measurements). Measurements were performed as described previously.
Laboratory investigations
Blood samples were taken in the fasting state in the GH-deficient patients. The serum IGF-I concentration during the first 5 years of this study was measured by radioimmunoassay (RIA, Medgenics Diagnostics, Fleurus, Belgium) after acid-ethanol extraction of IGF binding proteins. Intra-and interassay coefficients of variation (CVs) were 6 and 10%, respectively. The IGF concentration after 10 years was measured by a chemoluminescent assay (Nichols Institute Diagnostics, San Juan Capistrano, USA). The intra-assay CV is 3% and the interassay CV is 6%. Serum osteocalcin concentrations were analysed by RIA (Incstar Corporation, Stillwater, USA). Urinary calcium, creatinine and hydroxyproline excretion were assessed in a 2-h urine morning sample, collected between 0800 and 1000 h as described previously. 20 Serum concentrations of calcium, alkaline phosphatase, lipids, HbA1c and glucose were measured with routine laboratory methods.
Statistics
In the patients, the long-term development of BMD, body composition and laboratory parameters was analysed by means of the generalized estimating equation (GEE). GEE-analysis was used because repeated measurements within patients are dependent. In the GEE-analysis, time was treated as a categorical variable and therefore represented by dummy variables. This is in order not to assume a certain function over time. 21 Because the BMD measurements in the control subjects were only performed at baseline and 10 years later, differences in development between patients and controls were analysed with an analysis of covariance; that is a linear regression analysis with the measurement at 10 years as outcome, correcting for the baseline value and with the group indicator (patient vs. control) as determinant. GEE-analysis were performed with STATA-version 7, 22 the analysis of covariance and t -tests were performed with SPSS-version 11. P < 0·05 is significant.
Results
Demographic data
With regard to age and BMI, there were no group differences in baseline and 10 years' follow-up data for the patients and control subjects. Mean age at baseline was 28·6 ± 4·2 years (range 20 -40) for the patients and 29·7 ± 4·6 years (range 23 -38) for the matched control subjects. Mean BMI in the patients at baseline was 21·9 ± 2·3 and in the control subjects 23·3 ± 1·3. BMI 10 years later in the patients was 25·9 ± 3·2 and in the control subjects 25·1 ± 2·1.
Changes in BMD in GH-deficient patients
BMD in the lumbar spine (L2-L4) increased significantly in the patients after 1 year of GH substitution and continued to increase during the 10 years of follow-up. With regard to the hip, BMD of the femoral neck and trochanter region increased (compared to baseline) after 1 year until 5 years in the GH-deficient patients, but between 5 and 10 years there was a decrease (Fig. 1 ). Values after 10 years were not different from baseline values.
Changes in BMD in GH-deficient patients compared to control subjects
Analysis of covariance showed that BMD in the lumbar spine in patients changed significantly compared to controls (difference 0·06 g/cm 2 , P = 0·01). BMD in the lumbar spine in the patients changed from 0·90 ± 0·15 g/cm 2 at baseline to 0·96 ± 0·12 g /cm 2 after 10 years, while in the control subjects lumbar BMD changed from 1·10 ± 0·14 to 1·05 ± 0·11 g /cm 2 . In addition, femoral neck BMD changed significantly compared to controls (difference 0·06 g /cm 2 , P = 0·03). Femoral neck BMD in the patients changed from 0·78 ± 0·12 g /cm 2 at baseline to 0·80 ± 0·10 g /cm 2 after 10 years. In the control subjects femoral neck BMD changed from 0·94 ± 0·13 to 0·83 ± 0·10 g/cm 2 after 10 years. BMD measurements in the trochanter region did not change significantly in patients and control subjects over the 10 years of follow-up (difference 0·02 g /cm 2 , P = 0·23). When a correction was made for BMI, a smaller difference in BMD changes in the patients compared to the control subjects was found, which was no longer significant (lumbar spine difference 0·06 g /cm 2 , P = 0·06; femoral neck difference 0·07 g /cm 2 , P = 0·05).
Changes in body composition
BMI and leg and arm circumference increased significantly during the 10 years of GH substitution. Waist-hip ratio (WHR) decreased significantly compared to baseline after 1, 2, 3 and 4 years and was not different from baseline after 5 years. After 10 years of GH substitution WHR had significantly increased compared to baseline. Triceps skinfold thickness decreased significantly during the first 5 years of follow-up, but was not different compared to baseline after 10 years (see Table 1 ). Table 2 shows laboratory parameters at baseline and during follow-up in the GH-deficient patients. Serum IGF-I levels were significantly increased compared to baseline during follow-up. Serum IGF-I levels after 4 years were significantly lower than after 3 years ( P = 0·03), and values after 10 years were significantly lower than after 5 years ( P = 0·03). Serum osteocalcin, as a marker of bone synthesis, increased significantly during the first 4 years of follow-up, but was not different from baseline after 10 years. Serum values of alkaline phosphatase increased significantly during the first 3 years of GH substitution, but were not significantly different from baseline after 4, 5 and 10 years. Serum calcium concentrations were significantly increased after 1, 2 and 10 years. Urine calcium/creatinine ratio 
Changes in laboratory parameters
*Significant difference compared to baseline (P < 0·05); na, not available; HOP, hydroxyproline. †Reference values for IGF-I in men: age 25 -36, 23 nmol/l (range 10 -47); age 36 -46, 17 nmol/ l (range 10-30).
increased significantly during the first 5 years of follow-up, but was not significantly different from baseline after 10 years. Urine hydroxyproline/creatinine ratio increased significantly after 1, 2, 3 and 5 years, but values after 10 years were not significantly different from baseline. Serum HbA1c and fasting serum glucose increased significantly during the 10-year follow-up period. Lipid profile improved during follow-up as total cholesterol decreased significantly after 1, 2, 3, 4 and 5 years. However, after 10 years total cholesterol was not significantly different from the baseline values. LDL-cholesterol decreased significantly during the whole follow-up period, while high density lipoprotein (HDL)-cholesterol increased significantly after 5 and 10 years of GH substitution. Triglycerides did not change significantly during follow-up in this patient group (data not shown). Table 2 shows the mean GH dose during follow-up in the patients. During the follow-up, the GH dose significantly decreased after 2 years. Seven patients used temporarily concomitant medication besides their hormonal substitution during the 10 years of followup. Indications for these medications were high cholesterol ( n = 5), asthmatic bronchitis ( n = 2) and depression ( n = 1). Other concomitant medications used were antihistaminergic drugs ( n = 2) and proton pump inhibitors ( n = 3). None of the patients used bisphosphonates or other concomitant medication known to affect bone metabolism.
Mean GH dose and concomitant medication
Baseline values in patients who continued and discontinued GH treatment
Baseline data for the 15 patients who were evaluated after 5 years but who did not continue GH substitution during the 10-year followup period were compared to data for the 23 patients who continued GH therapy for 10 years. The baseline BMD values for the hip were significantly higher in the 15 patients who discontinued GH therapy in the past 5 years compared to the patients who continued GH (femoral neck 0·89 ± 0·16 vs. 0·77 ± 0·12; P = 0·02, and trochanter 0·80 ± 0·14 vs. 0·70 ± 0·12; P = 0·03).
Discussion
In this 10-year follow-up study of GH substitution in GH-deficient adults we have shown that long-term GH replacement is beneficial to maintain improvements in BMD in the lumbar spine. BMD of the lumbar spine in the GH-deficient patients increased compared to baseline, while a decrease in BMD was shown in the lumbar spine in the control subjects during the 10 years of follow-up. BMD of the hip (femoral neck and trochanter) in the control subjects also decreased significantly compared to baseline. In the femoral neck of the control subjects we observed a decline of 12% in BMD, and BMD in the lumbar spine declined by 5% in the control subjects. The values for the spine are in accordance with another 10-year longitudinal study in healthy adult men. 23 The changes in the hip were not measured in that study. As there are no other studies that report the natural decline in BMD in the hip in healthy men aged 30-40 years, we cannot compare this large decline. In our patients, BMD in the hip after 10 years was not significantly different from baseline values, but it was lower than after 5 years. A 7-year follow-up study of long-term skeletal effects of GH substitution (GH alone or combined with a bisphosphonate, alendronate) in GH-deficient adults showed similar results, as we found in this study. There was a significant increase in lumbar spine BMD in the first 4 years of GH therapy. However, after 4 years of GH substitution, BMD seemed to reach a plateau, as no significant increase was found in the 3 -4 years thereafter. 24 It seems that BMD stabilizes and values are maintained for up to 7 or 10 years. Valimaki et al. demonstrated no further increase in BMD (lumbar spine and hip) after more than 4 years of GH substitution in patients with GHD. 25 The pathophysiological basis for these observations is not known.
In the control subjects, we observed a decrease in BMD in both the lumbar spine and the hip. It is known that peak bone mass is reached during young adulthood (around the age of 30 years), thereafter BMD decreases slowly with increasing age. We demonstrated this natural decrease during the 10 years of follow-up in our control subjects, but not in our patients. Serum concentrations of bone markers were elevated compared to baseline during the first 5 years of the study, but were not different from baseline after 10 years. A possible explanation could be that the bone remodelling in GH-deficient patients after long-term GH substitution decreases due to lower GH substitution doses. Serum IGF-I levels slowly decreased during the 10 years of GH substitution, but levels were always elevated compared to baseline. The international recommended GH doses have decreased in recent years and the patients are 10 years older compared to baseline, implying that recommended doses (age-and sex-dependent) are lower at the end of the study.
BMD measurements were performed with two different DEXA instruments. This problem arises frequently in long-term follow-up studies, as the device used during the first 5 years of this study was replaced and so measurements after 10 years were made with another device. We tried to resolve this problem by measuring BMD in both the patients and the control subjects on both devices. In addition, we measured the ESP on both devices and results showed very similar BMD values. The Hologic-4500 measures a lower BMD compared to the Norland XR-26, so observed changes in BMD in our study from baseline to 10 years' follow-up can be an underestimation of the true BMD changes over time.
A limitation of this follow-up study is the lack of data on the patients who discontinued their GH substitution. For different reasons this group was unable to serve as a control group. Some of the patients who discontinued GH therapy were lost to follow-up and some others restarted GH substitution after some time without GH therapy. The heterogeneous group of patients who stopped their GH substitution made it impossible to compare results with patients who continued their GH substitution therapy. It could be argued that positive effects found in this study are partly due to selection bias. However, patients had different reasons for discontinuing their GH therapy (e.g. lack of efficacy, adverse events). Post-hoc analyses of baseline IGF-I values of all patients included at the start of the study (n = 50) revealed that baseline IGF-I values were similar in the patients (n = 23) who continued GH for 10 years (8·4 ± 4·9) and in the patients who discontinued GH therapy (n = 27) during follow-up (10·7 ± 6·1) (P = 0·15).
Baseline data for the 15 patients who were evaluated after 5 years but did not continue GH substitution during the 10-year follow-up period were compared to data for the 23 patients who continued GH therapy during the 10 years of follow-up. Analyses showed no differences for age, IGF-I values, BMI and biochemical values between these groups (data not shown). However, the baseline BMD values for the hip were significantly higher in the 15 patients who discontinued GH therapy in the past 5 years compared to the patients who continued GH. This could possibly have influenced the decision to discontinue GH therapy. However, both groups of patients showed a positive effect of GH substitution on BMD during the first years of the study.
Post-hoc analyses of the different types of GHD (IGHD vs. MPHD) in the patients who continued GH therapy for 10 years showed that the patients with isolated GHD (n = 6) had significantly higher IGF-I values at baseline compared to the patients with MPHD (15·3 ± 3·9 vs. 7·7 ± 3·9; P = 0·001). Serum calcium values were also higher in the isolated GH-deficient patients than in MPH-deficient patients (2·38 ± 0·08 vs. 2·29 ± 0·09; P = 0·04) and the urine calcium/ creatinine ratios at baseline were elevated in the IGH-deficient patients compared to the MPH-deficient patients (0·19 ± 0·09 vs. 0·11 ± 0·07; P = 0·04). Other values at baseline (age, BMI, WHR, BMD) were not different and the effect of GH on BMD was also not different in the IGH-and MPH-deficient patients (data not shown).
Repeated BMD measurements are frequently used to monitor the effects of therapeutic interventions. In a recent study, reproducibility in postmenopausal women on the Hologic-4500 was good. 26 It was stated that a BMD change of at least ± 0·05 g /cm 2 at L1-L4 should be considered significant with repeated measurements on the same DEXA device. In our study we measured on different DEXA devices, but found an increase of 0·06 g /cm 2 for the lumbar spine in the patients. This could be considered as a significant difference. The observed changes in lipid profile in our study are comparable to the findings in the only other 10-year follow-up study. 15 In that study, a reduction in LDL-cholesterol and an increase in HDL-cholesterol were observed, while fasting glucose, total cholesterol and triglycerides did not change. We also found a decrease in LDL-cholesterol and an increase in HDL-cholesterol after 10 years. Post-hoc analyses of the lipid data after excluding the five patients who used medication for high cholesterol during the follow-up period showed similar favourable changes of the lipid profile during 10 years as those for the whole group (data not shown).
Our results of an increase in fasting glucose levels are in line with previous findings in a 5-year follow-up study 27 in which serum glucose and insulin levels increased after 1 year. It was suggested that the reduction in percentage body fat after long-term treatment would overcome the negative effects of GH on glucose metabolism. However, we found an increase in glucose levels and no positive effect of GH on body weight after 10 years. Body composition in the other 10-year follow-up study in GH-deficient patients showed an increase in lean body mass, with a reduction in fat mass after 10 years. 15 We found an increase in BMI and WHR. Interobserver variability can be an explanation for the increase in WHR as observations after 10 years were made by a different observer than during the first years of the study. However, increased WHR is in line with the increased BMI, arm and leg circumferences. Also in line with our results in the healthy volunteers are the results of a 10-year longitudinal study of body composition and lumbar bone mass in 225 men and 241 women measured at age 27, 32 and 36 years. 23 In the men there was an increase of 10% of BMI and an increase of 5·5% in WHR. The same study showed a decrease of 5% in BMD of the lumber spine in healthy men. We found an increase in BMD in the lumbar spine of our patients during the 10 years of follow-up, but the BMD in the hip increased during the first 5 years of follow-up, but not after 10 years. A possible explanation for this could be that the level of IGF-I needed to increase BMD is different for the hip and lumbar spine. After 2 years the mean GH dose and serum IGF-I levels decreased, and possibly the lumbar spine does not need a high IGF-I level to promote bone formation. Another explanation could be the interaction between increased body weight and increased BMD in the lumbar spine. Sex steroid hormones and thyroid hormone are known to influence bone density in patients with hypopituitarism. The substitution with sex and thyroid hormone in our MPH-deficient patients was sufficient during the whole follow-up study, with regular laboratory checks and dose adjustments if necessary.
All patients were retested for GHD after reaching final height with a GHRH stimulation test or an ITT. An inclusion criterion was a maximum GH response < 7 µg/l. Nowadays an ITT is recommended to assess GHD in adults and cut-off values are < 3 µg/l. In our 23 patients there were 19 patients with a maximum GH response < 3 µg/l. The other four patients with a GH response between 3 and 7 µg/l were all deficient for multiple pituitary hormones and were therefore classified as GH deficient.
In conclusion, this 10-year follow-up study has shown that 10 years of GH replacement in adult patients with CO-GHD results in an improved lipid profile and increased BMD in the lumbar spine. After 10 years, there was no increase in BMD in the hip compared to baseline values, while BMD in healthy control subjects decreased during follow-up. Bone markers were elevated during the study, but after 10 years returned to values at baseline. BMI and WHR were increased after 10 years compared to baseline. Our findings suggest that long-term GH substitution is beneficial to preserve improvements in BMD.
